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We have measured the 3 Heðe; e0 ppÞn reaction at an incident energy of 4.7 GeV over a wide kinematic
range. We identified spectator correlated pp and pn nucleon pairs by using kinematic cuts and measured
their relative and total momentum distributions. This is the first measurement of the ratio of pp to pn pairs
as a function of pair total momentum ptot . For pair relative momenta between 0.3 and 0:5 GeV=c, the ratio
is very small at low ptot and rises to approximately 0.5 at large ptot . This shows the dominance of tensor
over central correlations at this relative momentum.
DOI: 10.1103/PhysRevLett.105.222501

PACS numbers: 21.45.v, 25.30.Dh

In order to understand the structure of the nucleus, we
need to understand both the independent motion of individual nucleons and the corrections to that simple picture.
Single nucleon momentum distributions have been measured in electron-proton knockout reactions ðe; e0 pÞ and
are reasonably well understood [1–3]. However, only about
70% of the naively expected number of protons are seen.
The missing 30% are presumably due to nucleons in short
range and long range correlations.
These nucleon-nucleon (NN) correlations are the next
important ingredient. A 12 Cðp; ppnÞ experiment [4] found
that low momentum neutrons, pn < 0:22 GeV=c, were
emitted isotropically but that high momentum neutrons
were emitted opposite to the struck proton’s missing momentum p~ miss and were therefore the correlated partner of
the struck protons.
Measurements of the cross section ratios of inclusive
electron scattering from nuclei relative to deuterium,
½Aðe; e0 Þ=½dðe; e0 Þ, together with calculations of deuterium show that the momentum distributions for p >
0:25 GeV=c have the same shape for all nuclei and that
nucleons have between a 5% and a 25% probability of
being part of a correlated pair [5–8].
Thus, when a nucleon has low momentum p < pfermi ,
its momentum is balanced by the rest of the nucleus;
however, when p > pfermi , its momentum is almost always
balanced by only one other nucleon, and the two nucleons
form a correlated pair. These correlated pairs are responsible for the high momentum parts of the nuclear wave
function [7]. Note that these correlations can be caused by
either the central (L ¼ 0) or the tensor (L ¼ 2) parts of
the NN force.
Nucleons in nuclei overlap each other a significant
fraction of the time. These high momentum correlated
pairs should be at significantly higher local density than
the nuclear average. Thus, understanding correlated NN
pairs will improve our understanding of cold dense nuclear
matter, neutron stars [9], and the EMC effect [10].
Recent measurements of direct two-nucleon knockout
from carbon using protons [11] and electrons [12,13] have

shown that the removal of a proton from the nucleus with
0:275 < pmiss < 0:550 GeV=c is almost always accompanied by the emission of a correlated nucleon that carries
momentum roughly equal and opposite to p~ miss and that
this nucleon is almost always a neutron. Quantitative interpretations are complicated by the presence of other
effects, including final state interactions and two-body
currents such as meson exchange currents, which add
coherently to the correlations signal [14].
A recent measurement of 3 Heðe; e0 ppÞn [15] isolated the
NN correlated pairs by knocking out the third nucleon and
observing the momenta of the spectator nucleons. Because
the virtual photon was absorbed on the third nucleon, the
correlated pairs were spectators, and thus the effects of
two-body currents were negligible. However, the continuum interaction of the spectator pair significantly reduced
the cross sections and therefore complicated the theoretical
calculations [16–18]. Thus, this type of measurement complements the direct knockout measurements.
This Letter reports new 3 Heðe; e0 ppÞn results at higher
energy and momentum transfer that provide a cleaner
measurement of two-nucleon relative and total momentum
distributions.
We measured 3 Heðe; e0 ppÞn at Jefferson Lab in 2002 by
using a 100% duty factor, 5–10 nA beam of 4.7 GeV
electrons incident on a 5-cm liquid 3 He target. We detected
the outgoing charged particles in the Continuous Electron
Beam Accelerator Facility Large Acceptance Spectrometer
(CLAS) [19].
CLAS uses a toroidal magnetic field and six sets of drift
chambers, time-of-flight scintillation counters, and electromagnetic calorimeters covering polar angles from 8 to
140 with the azimuthal acceptance ranging from 50% to
80%. The electromagnetic calorimeter was used for the
electron trigger with a threshold of  0:9 GeV. Regions of
nonuniform detector response were excluded by software
cuts, while acceptance and tracking efficiencies were estimated by using GSIM, the CLAS GEANT Monte Carlo simulation. Protons were detected down to pp  0:25 GeV=c.
Hðe; e0 pÞ was measured and compared to the world’s data
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back-to-back [see Fig. 2(b)]. The neutron of the pn pair
~ The
is distributed almost isotropically with respect to q.
pair average total momentum parallel to q~ ( 0:1 GeV=c)
is also much smaller than the average momentum transfer
( 1:6 GeV=c). These show that the NN pairs are predominantly spectators and that their measured momentum
distribution reflects their initial momentum distribution.
The resulting lab frame relative p~ rel ¼ ðp~ 1  p~ 2 Þ=2 and
total p~ tot ¼ p~ 1 þ p~ 2 momenta of the NN pairs are shown
in Fig. 3. The cross sections are corrected for radiative
effects and tracking efficiency and then integrated over the
experimental acceptance [21]. The systematic uncertainty
is 15%, primarily due to the uncertainty in the low momentum proton detection efficiency.
The pp and pn pair momentum distributions are similar
to each other. The prel distributions rise rapidly starting at
 0:25 GeV=c (since the NN pair is predominantly backto-back and pN  0:25 GeV=c), peak at  0:4 GeV=c,
and have a tail extending to  0:7 GeV=c. The ptot distributions rise rapidly from zero, peak at  0:25 GeV=c,
and fall rapidly. Both distributions have an upper limit
determined by the cut TN =!  0:2. These distributions
are also similar for both data sets (Q2  0:7 [15] and
1:5 GeV2 ). The Q2  1:5 GeV2 pp prel distribution peaks
at slightly larger momentum than either the pn or lower Q2
data.
We compared our data to a one-body calculation by
Golak, integrated over the experimental acceptance, that
includes an ‘‘exact’’ calculation of the fully correlated
initial state wave function (wf), absorption of the virtual
photon by the leading nucleon, and exact calculations of
the continuum wf of the spectator NN pair [23]. The
calculation does not treat the rescattering of the leading
nucleon. Including the continuum wf of the NN pair
(i.e., not treating those two outgoing nucleons as plane

Counts

[20] to determine our electron and proton detection
efficiencies [21].
We identified electrons by using the energy deposited in
the electromagnetic calorimeter and protons by using time
of flight. We identified the neutron by using missing mass
to select 3 Heðe; e0 ppÞn events. Figure 1 shows the electron
kinematics (Q2 ¼ q~ 2  !2 , where ! is the energy transfer
and q~ is the three-momentum transfer) and missing mass
distribution. For 3 Heðe; e0 ppÞn events, the momentum
transfer Q2 peaks at around 1:5 ðGeV=cÞ2 . ! is concentrated slightly above but close to quasielastic kinematics
(!  Q2 =2mp ).
To understand the energy sharing in the reaction, we
plotted the lab frame kinetic energy of the first proton
divided by the energy transfer (Tp1 =!) versus that of the
second proton (Tp2 =!) for events with nucleon momenta
pp and pn > 0:25 GeV=c [see Fig. 2(a)]. (The assignment
of protons 1 and 2 is arbitrary. Events with Tp1 =! þ
Tp2 =! > 1 are nonphysical and are due to the experimental resolution.) There are three peaks at the three corners of
the plot, corresponding to events where two nucleons each
have less than 20% of ! and the third ‘‘leading’’ nucleon
has the remainder. We selected these peaks, which are
more prominent than in Ref. [15].
Figure 2(b) shows the opening angle for pn pairs with a
leading proton (the pp pair opening angle is almost identical). Note the large peak at 180. The peak is not due to
the cuts, since we do not see it in a simulation of three-body
absorption of the virtual photon followed by phase space
decay [22]. It is also not due to the CLAS acceptance since
we see it for both pp and pn pairs. This back-to-back peak
is a very strong indication of correlated NN pairs.
Now that we have identified correlated pairs, we want to
study them. To reduce the effects of final state rescattering,
~ of
we required the perpendicular momentum (relative to q)
the leading nucleon p?
<
0:3
GeV=c.
The
resulting
leading
NN pair opening angle distribution is almost entirely
(a)
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FIG. 1 (color online). (a) Q2 vs ! for 3 Heðe; e0 ppÞn events.
The line shows the quasielastic condition ! ¼ Q2 =2mp . Note
the large acceptance. (b) Missing mass for 3 Heðe; e0 ppÞX. The
vertical line indicates the neutron missing mass cut.
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FIG. 2 (color online). (a) 3 Heðe; e0 ppÞn lab frame ‘‘Dalitz
plot.’’ Tp1 =! vs Tp2 =! for events with pN > 0:25 GeV=c. The
solid lines indicate the ‘‘leading n plus pp pair,’’ and the dashed
lines indicate the ‘‘leading p plus pn pair’’ selection cuts.
(b) The cosine of the pn lab frame opening angle for events
with a leading p and a pn pair. The thick solid line shows the
uncut data, the dashed line shows the data cut on p?
leading <
0:3 GeV=c, and the thin solid line (color online) shows the uncut
three-body absorption simulation (with arbitrary normalization).

222501-3

cross section (fb/MeV)

(b)

(a)
15

pn pair

pn pair

σpp/ σpn

cross section (fb/MeV)

20

10

5

(c)

week ending
26 NOVEMBER 2010

PHYSICAL REVIEW LETTERS

PRL 105, 222501 (2010)

(d)

pp pair

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0

0.1

0.2

0.3

0.4

0.5

Ptot (GeV/c)

pp pair

4

FIG. 4 (color online). Ratio of pp to pn spectator pair cross
sections at fixed prel . For 0:3 < prel < 0:5 GeV=c, the solid
points show the data, the solid histogram shows the Golak
one-body calculation [23], and the dashed histogram (color
online) shows the ratio of the Golak pp and pn bound state
momentum distributions. For 0:4 < prel < 0:6 GeV=c, the star
points show the data. The dotted line at 0.5 shows the simpleminded pair counting result. The data and the one-body calculation have been multiplied by 1.5 to approximately account for
the ratio of the average ep and en elementary cross sections.
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FIG. 3 (color online). (a) Cross section vs pn pair prel . Solid
points show these data (Q2  1:5 GeV2 ), open squares (blue
online) show Q2  0:7 GeV2 data [15], the dashed histogram
shows the Golak one-body calculation [23], the thin solid line
shows the Laget one-body calculation, and the thick solid line
(red online) shows the Laget full calculation [18,24,25]; (b) the
same for ptot ; (c),(d) the same for pp pairs. All quantities are in
the lab frame. The Q2  0:7 GeV2 data have been reduced by a
factor of 5.3 (the ratio of the cross sections) for comparison.

waves) reduces the cross section by about an order of
magnitude. Note that this calculation is not strictly valid
for prel > 0:35 GeV=c (the pion production threshold).
This calculation significantly underestimates the data.
The one-body calculation of Laget [18,24,25], using a
diagrammatic approach, sees the same large cross section
reduction due to the NN pair continuum wf. His one-body
calculation describes the pn pair prel distribution well.
Laget’s full calculations also indicate large three-body
current (meson exchange current or isobar configurations)
contributions for both pn and pp pairs. His three-body
currents improve the agreement for pp pairs and worsen
the agreement for pn pairs.
The ratio of pp to pn spectator pair integrated cross
sections is about 1:4. This is approximately consistent with
the product of the ratio of the number of pairs and
ep =en , the ratio of the elementary ep and en cross
sections for pn and pp pairs. This ratio appears inconsistent with the pp to pn pair ratio of 1:18 measured in direct
pair knockout in 12 Cðe; e0 pNÞ [13] at 0:3 < prel <
0:5 GeV=c and at much lower ptot (< 0:15 GeV=c).
In order to study this apparent discrepancy, we calculated the ratio of the pp to pn cross sections integrated
over different regions of prel as a function of ptot (see

Fig. 4). The ratio has been multiplied by 1.5 to approximately account for the ratio of the average ep and en cross
sections. The 0:3 < prel < 0:5 GeV=c ratio is very small
for ptot  0:1 GeV=c, consistent with the 12 Cðe; e0 pNÞ
results, and increases to 0.4–0.6 for ptot > 0:2 GeV=c,
consistent with simple pair counting. (The ratio is also
very similar to that calculated from the data of
Ref. [15].) The ratio is consistent with Golak’s one-body
calculation but not with the simple bound state momentum
distribution, indicating the importance of including the NN
pair continuum state wf. Laget’s calculation (not shown)
does not describe the ratio, partly because it factorizes the
momentum distribution ðprel ; ptot Þ ¼ r ðprel Þt ðptot Þ and
thus has the wrong dependence on ptot . Increasing prel
from 0:3  prel  0:5 GeV=c to 0:4  prel  0:6 GeV=c
also increases the pp to pn ratio at low ptot .
This increase in the pp to pn ratio with ptot indicates the
dominance of tensor correlations. At low ptot , where the
angular momentum of the pair with respect to the rest of
the nucleus must be zero, the pp pairs predominantly have
ðisospin; spinÞ ðT; SÞ ¼ ð1; 0Þ [26]. They are in an s state,
which has a minimum at prel  0:4 GeV=c. The pn pair is
predominantly in a deuteronlike ðT; SÞ ¼ ð0; 1Þ state.
Because of the tensor interaction, the pn pair has a significant d-state admixture and does not have this minimum
[26–28]. This leads to a small pp to pn ratio at 0:3 
prel  0:5 GeV=c and small ptot and a somewhat larger pp
to pn ratio at 0:4  prel  0:6 GeV=c and small ptot . As
ptot increases, the minimum in the pp prel distribution fills
in, increasing the pp to pn ratio.
In summary, we have measured the 3 Heðe; e0 ppÞn reaction at an incident energy of 4.7 GeVover a wide kinematic
range, centered at Q2  1:5 GeV2 and w  Q2 =2mp . We
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selected events with one leading nucleon and a spectator
correlated NN pair by requiring that the spectator nucleons
each have less than 20% of the transferred energy and that
the leading nucleon’s momentum perpendicular to q~ be
less than 0:3 GeV=c. The prel and ptot distributions for
spectator pp and pn pairs are very similar to each other
and to those measured at lower momentum transfer. The
ratio of pp to pn pair cross sections for 0:3 < prel <
0:5 GeV=c is very small at low ptot and rises to approximately 0.5 at large ptot . Since pp pairs at low ptot are in
an s state, this ratio shows the dominance of tensor over
central correlations.
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